In this study, we designed a two-layer hybrid Anti-Reflection/Anti-Static (AR/AS) thin film. Two kinds of UV-curable fluorinated compounds were synthesized as low refractive index materials, and a TiO 2 sol combined with a conducting polymer, poly(3,4-ethylenedioxythiophene) was made by the sol-gel process for use as a high refractive index material as well as a conducting layer. In order to determine the most optimized AR/AS system, the spectral properties were simulated with the refractive index of each layer. According to the simulated results, a high refractive index layer was deposited on the hard coated poly(ethylene terephthalate) (PET) substrate by the spin coating technique, and a low refractive index layer was spin coated on the low refractive index layer. The reflectance and transmittance were measured by UV-VIS-NIR spectroscopy. It was found that the measured reflectance and the maximum transmittance of the AR/AS film were 0.71 %R at a wavelength of 550 nm and 93 %T in the wavelength range between 400 and 700 nm, respectively. The surface resistance of the AR/AS film was 10 8.6 ohms.
Introduction
Anti-Reflection (AR) coatings have been widely used in solar cells, optical lenses, and displays, such as cathode ray tubes (CRTs) and flat panel displays (FPDs), for the purpose of reducing the reflection losses and increasing the transmission of optical systems [1, 2] . In general, a single layer AR coating can be made nonreflective only at one wavelength, usually in the middle of the visible spectrum, and thus multiple layers made by depositing low and high refractive index materials are more effective over the entire visible spectrum [3] . According to the basic principle of AR coatings, an AR system needs to be designed with certain restrictions [4] : (1) the light amplitudes reflected from the air-AR film and AR film-substrate must be equal, that is n o / n f = n f / n s or n f = (n o n s ) 1/2 , where n o , n f , and n s are the refractive indices of air, the AR film, and substrate, respectively. (2) The layer thickness must be defined to fit the Quarter Wavelength Theory (t = (λ / 4)n f ) for the reflected waves to interfere destructively.
In recent years, conducting functions such as Anti-Static (AS) and electromagnetic wave shielding have also been required in order to prevent electro-static discharges. To meet this requirement, the surface resistance of a display panel needs to be 10 2~1 0 10 ohms. [3] For this purpose, indium doped tin oxide (ITO) has been widely used as a transparent conducting layer, due to its low surface resistance (~10 3 ohms) and high transmittance [4, 5] . Furthermore, ITO has a high refractive index (>2.0 at 550 nm), so it is admirably adapted for use as a high refractive index material. As the low refractive index material, SiO 2 and fluorinated polymers have been widely used. However, both ITO and SiO 2 are expensive and difficult to apply to plastic substrates, because of their high processing temperature.
In this study, a two-layer flexible AR/AS system was designed, as shown in Figure 1 , a TiO 2 sol combined with a conducting polymer, poly(3,4-ethyelenedioxythiophene) (PEDOT), was used as a high refractive index layer on a hard coated polyethylene terephthalate (PET) film. UV-curable fluorinated compounds with low refractive indices were synthesized using fluorine and acryl materials. Figure 2 indicates their basic structure, and this material was coated onto the high refractive index layer. This AR/AS system was fabricated by the spin coating method and its optical and mechanical properties were investigated. 
Results and discussion

Refractive indices of each coating layer
The refractive indices of the coating materials have to be evaluated before the optimum coating thickness can be selected. As shown in Figure 3 , the refractive indices of LRM-1, LRM-2, and the TiO 2 +PEDOT sol are 1.432, 1.475, and 1.737, respectively, at a wavelength of 550 nm. The surface resistance of the TiO 2 +PEDOT sol is 10 6.9 ohms. According to the measured value, it is found that the LRM-1 series and TiO 2 +PEDOT sol can be used as low and high refractive index layers, respectively, and PEDOT can function not only as a conductive layer but also as a high refractive index layer. 
Design of the optimum AR/AS coating
For the purpose of designing the optimum AR/AS system, the thickness of each layer was defined through a computer simulation program (Essential Macleod optical coating design software, Thin Film Center Inc.), and its optical performances such as its reflectance and transmittance were investigated. Figure 4 shows the simulated results of the reflectance for the optimized condition of the AR/AS systems, and it was found to be below 1% R at a wavelength of 550 nm, and the optimum thickness of the layers is 100 nm each. 
Fabrication and properties of AR/AS film
From the simulated results, the two-layer AR/AS system was selected. The fluorinated compound and TiO 2 +PEDOT sol were coated by the spin-coating method. As shown in Figure 1 , we selected the first layer formed on the hard coated PET substrate as the conducting layer (TiO 2 +PEDOT sol) with a high refractive index, and It was found that TiO2 was well dispersed in PEDOT solution. Figure 5 shows that the microscope image and AFM image of TiO 2 +PEDOT sol layer on the PET film. They indicate that TiO 2 +PEDOT sol layer is homogeneous and smooth. The second layer has the fluorinated compound (LRM-1 or LRM-2) with a low refractive index. The mixture of UV-curable acrylic resins was also used as a hard coating material, and the thickness of this layer was approximately 3 μm. Figure 6 shows the measurement of the reflectance of the AR/AS films by UV-VIS-NIR spectroscopy. The measured reflectance was 0.71% R at a wavelength of 550 nm when LRM-1 was used as a low refractive index layer. The measured value was slightly higher than the simulated result, which was caused by our inability to accurately control the coating thickness during fabrication. As shown in Figure 7 , the maximum transmittance was 93% T in the wavelength range between 400 and 700 nm. The two-layer AR/AS thin film exhibited a surface resistance of 10 8.6 ohms, while that of the TiO 2 +PEDOT layer was 10 6.9 ohms.
Fig. 6. Measured values of reflectance of fabricated AR/AS films.
The reason for the higher surface resistance of the AR/AS film is that the TiO2+PEDOT layer is covered with a UV-curable fluorinated compound, LRM-1 or LRM-2. Both LRM-1 and LRM-2 have very strong network structures which allow them to function as a protective layer and to have 2H pencil hardness.
Fig. 7. Measured transmittance of fabricated AR/AS films.
Conclusions
A two-layer system was designed for use as an AR/AS coating on a PET substrate using a TiO 2 +PEDOT sol as a high refractive layer and UV-curable fluorinated compound as a low refractive layer. The measured reflective indices of the low and high refractive index layers at a wavelength of 550 nm were 1.432 and 1.737, respectively. The AR/AS film was fabricated by the spin coating method, and its reflectance was 0.71 %R at a wavelength of 550 nm. Its maximum transmittance was 93 %T in the wavelength range between 400 and 700 nm. The AR/AS film has a surface resistance of 10 8.6 ohms and 2H pencil hardness.
Experimental part
Preparation of AR/AS system
The process employed for forming an AR/AS thin film on a PET film is illustrated in Figure 8 . The PET film was 100 μm in thickness, and surface treatment with a mixture of UV-curable acrylate monomers and oligomers was performed. A TiO 2 sol was prepared from titanium (IV) isopropoxide (TIPT, Sigma-Aldrich) by the sol-gel method using the spin-coating technique. After the TIPT was dissolved in ethanol, hydrolysis was carried out by adding water to the solution at a molar ratio of water to TIPT of 8:1, and hydrochloric acid was introduced as a catalyst. [6] [7] [8] This TiO 2 sol was stirred at 50 0 C for 24 h, and mixed with pre-formulated PEDOT solution [9] . Finally, the mixture was agitated with a mechanical stirrer at room temperature for 6 h. This TiO 2 +PEDOT sol was used as a high refractive index material.
Two types of UV-curable fluorinated compounds (LRM-1 and LRM-2) were synthesized in the laboratory for use as a low refractive index material. LRM-1 and LRM-2 have almost the same structure, with the difference being the number of functional groups as shown in Figure 2 . They were synthesized using a fluorinated tetraethylene glycol monomer and UV-curable urethane acrylate oligomer [10] . One of the LRM series was deposited onto the high refractive layer by the spin-coating method, dried at 60 0 C for 2 min and then cured by UV irradiation at 450 mJ for 2 s. UV irradiation was performed under a nitrogen atmosphere using a high pressure mercury lamp with a nominal power of 80 W/cm 2 . Fig. 8 . The process used for forming the AR/AS thin film.
Analysis
The refractive indices of the TiO 2 +PEDOT sol and UV-curable fluorinated compounds were measured by spectroscopic ellipsometry (Elli-SE, Ellipso Technology Co.). The transmittance and reflectance of the AR/AS films were investigated by UV-VIS-NIR spectroscopy (Sinco, S-3100). The surface resistance was measured by means of a surface resistance meter (ST-3, Simco Inc), and the pencil hardness of the AR/AS thin film was also evaluated.
